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ABSTRACT

The objective of this educational module is to familiarize undergraduate engineering students with basic principles
related to fire protection. This instructional module can be studied separately or as a component of an upper-level
engineering course. The information in this module is appropriate for courses on occupational safety and health,
and applied engineering chemistry. In addition, the module could serve as a complement to courses on fluid
mechanics and heat transfer; strength of materials and structures; and design courses.

The module introduces basic fire protection issues related to the safeguarding of life and property against fire loss.
It describes the fundamental principles of fire science and of the dynamics of fire growth in buildings and
demonstrates how a sound understanding of these is necessary before viable fire protection measures can be
implemented. The module develops an engineering appreciation of standard practices and regulations related to the
prevention, detection and suppression of fires. '

The primary thrust of the module is to describe current fire safety practices and regulations; however, a brief
account is given of the emerging discipline of fire protection engineering. This new field is expected to foster
engineered design solutions to fire safety problems which may be more cost-effective and flexible than standardized
solutions. ’

As fire protection issues are often overlooked in undergraduate engineering programs, an effort has been made to
identify what resources are available and where the student can get further information about this subject.






Unit 1
BACKGROUND

PURPOSE: To provide an overview of the losses that result from fire and the regulations that are
adopted to prevent and abate this threat.

OBJECTIVES: To provide an overview of:
1. Fire loss statistics related to injury and death
2. Fire loss statistics related to property damage and business interruption
3. The regulatory framework intended to ensure fire safety
4. The organization of this module

. Fire loss statistics

. National Fire Protection Association (NFPA)

. Occupational Safety and Health Administration (OSHA)
. Building codes

. Fire prevention codes

. Fire standards

. Fire performance

. Prescriptive codes

. Performance-based codes

. Fire protection engineering

SPECIAL TERMS:
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FIRE LOSS
STATISTICS

REGULATORY
FRAMEWORK

Building codes

Fire prevention
codes

Fires extract a high toll in injuries and in loss of human life. In the United States,
occupational fatalities account for more than 3% of all deaths related to fires'. This
figure translates into about 40 deaths per year associated with industrial and

. manufacturing fires in addition to the approximately 750 injuries from these fires?.

Statistics generated by the National Fire Protection Association show that during the
period 1988-1993 industrial and manufacturing fires accounted for annual property losses
of about $1.0 billion?. More recently, 1995 direct property losses due to all fires in the
United States have been estimated to be nearly $8 billion’. Although residential fires
accounted for approximately 60% of these losses, industrial property damage was also
high and estimated to be $1.3 billion. This figure represents a significant increase from
the previous year. Losses associated with storage in structures also increased
dramatically in 1995 to more than $700 million.

Although the causes of industrial and manufacturing fires are often difficult to determine,
the major sources of ignition appear to be: manufacturing, electrical or heating
equipment; open flames; and incendiary sources. Because of the diverse nature of the
causes of industrial fires, protective measures must be carefully engineered for specific
industrial processes and their hazards.

Although these fire statistics are significant, they represent an improvement in fire safety
compared with past experience. Much of this improvement results from the regulatory
framework that has been established to ensure that fire safety objectives are met
throughout the United States. Although this regulatory framework is multi-layered and
complex, the simplified picture that follows shows how it is structured and how it works.

~ Three private organizations have developed and maintain three model building codes in

the United States: the International Conference of Building Officials (ICBO), the Southern
Building Code Congress International (SBCCI), and the Building Officials and Code
Administrators (BOCA). Among other functions, these codes provide a set of fire safety
provisions intended to ensure that an acceptable level of life safety is incorporated into
buildings at the time of their construction. The codes use fire safety standards developed
by the National Fire Protection Association (NFPA) and the American Society for Testing
and Materials (ASTM).

States and municipalities adopt one of these model codes to form the basis of local
building regulations. Enforcement of these regulations is the responsibility of local (and
sometimes State) building inspectors. As a consequence both the letter of the law and
its enforcement may vary somewhat from place to place.

The NFPA has developed and maintains NFPA 1, a model fire prevention code’. The
code offers provisions intended to ensure that, following construction, buildings are
equipped, operated and maintained to provide an acceptable level of life safety and
property protection from potential hazards created by fires or explosions. NFPA 1 makes
reference to 97 other codes and standards developed by the NFPA to address various
specific fire safety concerns.

State and local jurisdictions have adopted NFPA 1 as the basis of their fire prevention
regulations. Again, enforcement of these regulations is the responsibility of local and
State officials including fire service personnel.



National Fire
Protection
Association

Occupational Safety
and Health
Administration

Testing laboratories

Consumer protection

Insurance carriers

FIRE
PROTECTION
ENGINEERING

The National Fire Protection Association (NFPA) is a nonprofit organization that
develops and publishes codes and standards intended to minimize the occurrence and
effects of fire in all aspects of contemporary activity. The more than 290 codes and
standards of the NFPA are developed by committees comprised of expert volunteers from
various backgrounds. Some of these codes and standards delineate standard practices for
designing facilities, installing equipment or undertaking inspections. Others describe
standardized methods for conducting fire tests on personal protective equipment, building
products and fire protection equipment. These codes and standards are widely used as
the basis of legislation and regulation at all levels of government, from local to Federal.
Many are referenced by agencies of the Federal government, such as the Occupational
Safety and Health Administration (OSHA). NFPA codes and standards are also used by
insurance authorities for risk evaluation and premium rating.

The provision of workplace safety is the purview of the Occupational Safety and Health
Administration (OSHA), an agency of the U.S. Department of Labor. OSHA has a
mandate to provide workplace fire protection and explosion prevention standards and
regulations to ensure safe working conditions. To achieve its mandate, OSHA generates
its own standards and also often adopts standards developed by the NFPA.

The provision of fire safety relies heavily on NFPA standard fire tests. Several
accredited testing laboratories are available to undertake such testing and, hence, to
document the fire performance of personal protective equipment, building products, and
fire protection equipment.

Consumer protection departments of Federal and State governments are concerned with
the fire performance of commercial products such as furnishings, which may not be
regulated by building codes or fire prevention codes. These departments have
implemented programs that limit the consumer’s choice to products with acceptable fire
performance.

Although not strictly part of the regulatory framework, insurance carriers play an
important role in fire safety provision. Insurance carriers are concerned with the
potential for loss of life and property damage resulting from fires. Insurance companies
have developed methods for assessing the fire risk in a facility to levy appropriate
premiums. For large facilities, such as in industry, assessment methods can involve
advanced engineering analysis. The Factory Mutual System and Underwriters
Laboratories Inc. provide engineering services to support insurance carriers. These
include development of insurance-industry fire standards, testing of the fire performance
of products and inspection of industrial facilities.

The multi-layered structure of the regulatory framework provides checks and balances
to ensure an acceptable level of fire safety in a facility. At the same time, the various
layers of codes and standards and the large number of participants in the policing of
regulations make the framework appear complex. As a result, it is common practice to
engage a fire protection engineer with wide ranging expertise in fire-related codes and
standards to formulate designs or strategies that ensure compliance with regulations in an
economical and efficient manner. ‘

Traditionally, fire safety regulations have been prescriptive; that is, detailed and often
rigid solutions are mandated in codes and standards as the means to ensure fire safety.
Such regulations are based on collective experience of what works and what does not,
along with technological analysis and professional judgment. Statistics reveal that these
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ORGANIZATION
OF MODULE

regulations work well for conventional buildings. Nonetheless, prescriptive fire safety
solutions are often cumbersome and expensive when applied to the design of modern
buildings. :

A better understanding of the behavior of building fires is evolving through research.
Computer software is available to model the spread and severity of a fire in a building
as well as the response of building occupants, building components, and fire protection
systems. Codes and standards are being revised to encourage performance-based design
whereby the solution is tailored to address the hazard. These developments are opening
the door for engineered fire safety solutions as an alternative to prescriptive regulations.
Clearly, such design can only be undertaken by a well trained fire protection engineer.

Fire protection engineering is not yet a mature discipline. Few textbooks are devoted to
the subject. ' Likewise, limited opportunities exist for studying the discipline’.

Nonetheless, it is an emerging discipline. It requires practical and fundamenta! training
in the behavior of fires, fire protection systems, human behavior and risk assessment, as
well as in basic engineering subjects such as thermodynamics, fluid mechanics and heat
transfer. The fire protection engineer must also be aware of pertinent codes and
standards, and the legal implications of the work. Mastery of the discipline requires a
considerable commitment of time and effort.

Fire protection engineers interact with a wide variety of professionals in their daily
activities including architects, structural engineers, building service engineers,
construction personnel and regulatory authorities. Additionally, a client’s or insurer’s
concerns may determine how the fire protection engineer provides solutions. Training
presents a challenging task’, but employment opportunities abound with consuiting
groups, government agencies, industry, insurance companies and fire protection
equipment manufacturers.

This module introduces basic fire protection issues related to the safeguarding of life and
property against fire losses. It is intended to develop an engineering appreciation of
standard practices and regulations related to the prevention, detection and suppression of
fires. »

To meet this objective, the module is divided into seven Units.

This section, Unit I, gives general background material. It presents U.S. fire loss
statistics - particulatly as they relate to the workplace. Most important, it provides an
overview of the sometimes daunting regulatory framework intended to ensure fire safety.

Unit II provides an introduction to fire protection issues. The need is stressed for an
understanding of the relationship between the scientific principles underlying fire science
and effective fire protection measures. It is emphasized that a clear statement of the
objectives of a fire safety analysis is necessary before effective solutions can be sought.

Unit I describes the fundamental principles of fire science. Unit IV introduces the study
of room fire dynamics to stress the interrelationship between fire growth and the
enclosure where the fire burns.

Unit V describes the practice of fire protection, including the role of codes and standards.
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Guidance is provided on the selection of effective solutions to reduce fire hazards and to
achieve pertinent fire safety objectives.

Units VI and VII provide overviews of two central components of fire safety design: fire
detection and fire suppression.

REFERENCES

1. OSHA [1993]. OSHA Fact Sheet 93-41. Washington, DC: U.S. Department of
Labor, Occupational Safety and Health Administration.

2. Hall JR [1996]. The U.S. fire problem overview report through 1994: leading
causes and other patterns and trends; industrial and manufacturing facilities.
Quincy, MA: National Fire Protection Association. '

3. Karter M [1996]. NFPA’s latest fire loss figures. NFPA J Sepr-Oct:52-59.

4. NFPA [1992]. NFPA 1, Fire prevention code. Quincy, MA: National Fire
Protection Association.

5. Magnusson S, Drysdale D, Fitzgerald R, et al. [1995]. A proposal for a model

curriculum in fire safety engineering. Fire Saf J 25:1-88.
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Unit I

INTRODUCTION
PURPOSE: To introduce the basic principles of fire protection engineering.
OBJECTIVES: To establish the relationship between the scientific principles underlying fire science and

effective fire protection measures through:

1. Identification of pertinent fire safety objectives

2. Recognition of the range of hazards presented by fire

3. Identification of factors affecting the fire performance of materials
4. Development of effective design solutions to reduce hazards

SPECIAL TERMS: . Fire safety objectives
. Building services

. Fire hazards

. Fire performance

. Fire science

. Fire dynamics

. Detection

. Suppression

00 =1 O\ W=
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FIRE SAFETY
OBJECTIVES

FIRE HAZARDS

In general terms, the purpose of the regulatory framework discussed in Unit I is to
mitigate fire hazards by mandating specific measures to achieve particular fire safety
objectives. For example, specific objectives may be to ensure:

1. life safety, _

2. property protection, and

3. minimal disruption to business.

When undertaking a fire safety analysis, the objectives must be clearly delineated at the
outset. The objectives should be expressed in specific terms whenever possible.
Although it is common practice, simply stating that the objective is to ensure life safety
is not helpful. It would be more helpful to state that if fire occurs, the objective is to
provide sufficient fire protection measures to ensure that occupants have sufficient time
to escape to the outdoors (or at least to an area of refuge) before they are overcome by
hazardous conditions. An objective stated in this fashion makes recommending various
acceptable solutions possible. A choice among those solutions that meet the objective
could then be made on the basis of other considerations such as aesthetics, economics or
constraints related to other building services.

Given the complexity of the regulatory framework, a given requirement cannot always
be directly linked with a single objective. Strategies that appear directed to life safety
often serve the interest of property protection. For example, fire alarm systems, which
are intended to provide early warning to occupants, may also alert the fire services to the
presence of fire, Suppression activities may then begin early enough that property
damage is reduced. On the other hand, the provision of sprinklers for property
protection in a warehouse may mean that fire spread is held in check and hazards to
employees are greatly reduced.

Fire safety objectives must be established in the context of the regulations at hand, the
concerns of the insurance carrier, and the needs of the building occupants and owner.
Fire safety objectives will be discussed further in Unit V.

Once fire safety objectives have been identified, effective solutions can be selected.
Many solutions have been devised to address fire safety. For any application, part of the
overall solution may be mandated by regulation, part requested by an insurance agent and
part dictated by the functions performed in the facility. Ultimately, the purpose of this

‘module is to provide insight on the selection of effective solutions to reduce fire hazards.

As suggested by the statistics reported in Unit I, the hazardous environment generated
by a fire is a threat to life as well as to property. Although protection of occupants
(including workers) from death and injury is a central fire safety issue, it is important to
appreciate the range of hazards associated with fire.

In fire environments, respiratory system injury may result from breathing hot gases.
Skin may be burned because of direct contact with hot gases or objects, or exposure to
radiant heat. The threshold exposures that cause damage to property are different from
those that represent hazards to humans, but the mechanisms are the same: direct contact
with hot gases or exposure to radiant heat.

Smoke may obscure visibility and thereby impede both evacuation of a building and fire
fighting efforts. Smoke also represents a toxic hazard to occupants and fire fighters.
Property is potentially affected by smoke, as deposition of the products of combustion on
electronic or other sensitive equipment can cause damage.
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FIRE
PERFORMANCE
OF MATERIALS

Of course, if a fire grows large enough it will cause damage to the contents and structure
of a building. There is ultimately the threat that fire will spread to nelghbormg buildings
and thereby increase the sphere of damage.

A central issue in the provision of fire safety often relates to the selection of materials.
Making the appropriate selection is challenging, since a large number of factors affect
the fire performance of materials. A short description of some these factors follows.
More detailed examples are found in later Units of this module.

The basic chemical composition of a material is of great significance in determining its
fire performance. Some materials, such as organic compounds, are combustible (in air),
whereas most inorganic compounds are not. Within the class of combustible materials
much variability exists in "degree of combustibility”. Some materials are easily ignited
or have a high propensity to spread flames while others do not. A great deal of energy
is released during the combustion of some materials and relatively little from others.

Availability of air can be as important as the chemical composition of the fuel in
determining the nature of a fire. For example, the rate of burning of materials and the
nature of the products of combustion depend on the availability of oxygen (air).

The physical properties of a material also impact its involvement in fire. For example,
gaseous, liquid and solid fuels exhibit quite different behaviors in a fire. The physical
size and density of a solid fuel influence its burning characteristics. For example, while
igniting a thin strip of wood is easy, igniting a log is difficult even though the chemical
composition of the two is identical. Likewise, while igniting some foamed plastics is
easy, the high density form of the same plastic is more difficult to ignite.

Even materials that are noncombustible may have other properties that have an impact
on the development of fire, and the safety of life and property. Glass windows may
break when exposed to high temperatures and suddenly admit fresh air to an otherwise
poorly ventilated fire. Unprotected steel structural elements may undergo thermal
expansion early in a fire and thereby induce instability in the building structure. Upon
further heating, such elements can lose a significant fraction of their strength and cause
structural collapse.

As the above examples suggest, a large number of factors affect the development and
severity of fire. Fire involves a sensitive interplay of chemical, heat transfer and fluid
mechanical phenomena. As the fire scenario changes so does this interplay. Developing
sound fire safety strategies entails much more than just the selection of materials.

I1-3
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PURPOSE:

OBJECTIVES:
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Unit IIT
FUNDAMENTALS OF FIRE SCIENCE

To introduce the fundamental principles of fire science..

To acquaint the reader with:
. The chemical reactions associated with fire

. The impact of fuel properties on fire performance
. The structure and dynamics of flames

. Products of combustion

BN -

. Fire tetrahedron
. Gaseous fuel

. Liquid fuel

. Solid fuel

. Pyrolysis

. Thermoplastic

. Thermoset

. Diffusion flames
. Premixed flames
. Flamnmability limits
. Flash point -
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INTRODUCTION

TETRAHEDRON

" This Unit introduces fundamental science and engineering related to fires to develop an

appreciation of the principles on which fire regulations and fire protection systems are
based.

Fire is a process entailing rapid oxidative, exothermic reactions.in which part of the
released energy sustains the process. The fire tetrahedron presented in Figure III-1
depicts the components required for the existence of a fire and thereby suggests how to
prevent and suppress fires. A fuel is necessary to provide a source of material for the
exothermic reaction. An oxidant, usually oxygen in air, must be present. For fire to be
initiated (or sustained) a source of heat must also be present. This heat can be in the form
of a spark, a flame or perhaps just a heated environment. Finally, the relative
concentrations of fuel vapors and oxygen entering the flame must be appropriate to
initiate or sustain the complex chain reactions that typify flame chemistry.

FUEL

CHAIN |
REACTION ' HEAT

Figure ITI-1. The Fire Tetrahedron. The four elements required to initiate and maintain
fire are shown as the four corners of the fire tetrahedron.

If just one of these four components is absent, fire cannot be initiated or sustained. If
no fuel, oxidant or ignition source is present, fire will not occur. Furthermore, the
relative concentrations of fuel vapors and oxidant must be such that self-sustaining
chemical reactions can be established. Fire prevention strategies are often based on
creating a situation in which at least one of the four components of the fire tetrahedron
is unlikely to be present.

If, however, flaming has already been established, it may be suppressed by the removal
of one of these four components. Flaming will clearly cease if fuel vapors are
eliminated, for instance by ensuring that there is an automatic shut-off on a gas supply
line in the event of an unwanted fire involving that gas line. Fire can also be suppressed
by preventing oxygen from reaching a flame, for instance by smothering it with a
blanket. Heat is routinely removed from fire by the application of water streams by fire-
fighters or automatic sprinkler systems. Finally, the complex chain reactions within the
flame can be inhibited by the judicious application of special chemicals.
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FIRE AS A As noted ealier, fire is a process cntailingr rapid oxidative, exothermic reactions in which
CHEMICAL ~ part of the released energy sustains the process. In simple terms, fire can be represented
REACTION according to the following word equation:

Fuel + Oxidizing Agent — Oxidation Products + Heat

If the fuel is a hydrocarbon, C,H,, and the oxidizing agent is oxygen, O,, combustion of
the fuel is described by the chemical equation:

CH, + (x +y/4)0, » xC0, + y2H0 + AH,

This equation assumes complete combustion; that is, the fuel is entirely consumed and
the products of combustion include only carbon dioxide, CO,, water vapor, H,0, plus
heat. The heat released in an oxidative reaction, AH,, is referred to as the heat of
combustion.

In a fire, water comes off as a vapor, so common use is made of the net heat of
combustion, which automatically accounts for the latent heat of vaporization of water.
For simple fuels, the heat of combustion can be determined directly from basic
thermodynamic parameters (i.e. heats of formation) and the influence of ambient
temperature and pressure conditions can be accounted for.

With more complex fuels (in particular solids), for which the molecular formula may not
be known with precision, the heat of combustion must be measured experimentally. A
common means for measuring heat release during combustion reactions is to combust the
fuel in a pure oxygen atmosphere within an oxygen bomb calorimeter. The concentration
of fuel within the apparatus is adjusted to ensure complete combustion. A table of net
heats of combustion for some common fuels is shown in Table III-1.

Table III-1
Heats of Combustion of Selected Materials at 25°C

Materjal AH, (kJ/g) AH, o (KI/g Oy) State
Methane, CH, 50.0 12.5 g
Propane,.C3H, 4675 12.8 g
Benzene, CH, 40.0 . 13.1 1
Cellulose 16.1 13.6 s
Polyethylene 43.3 12.7 s

AH, is the heat of combustion per gram of material while AH, , is the heat of combustion based on the mass
of oxygen reacted. The states of materials are given as follows: "g” is a gas, "1" is a liquid and "s" is a solid.
Additional information about heats of combustion can be found in SFPE Handbook, Fire Protection
Engineering' or in Fire Dynamicg by D. Drysdale as well as in standard thermodynamic source books,
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. TYPE OF FUEL

Vapor

The heat liberation in a fire can be related to the amount of oxygen consumed (see Table
III-1). The heat of combustion per gram of oxygen consumed for most organic liquids
is about 12.7 kJ and the heat of combustion per gram of oxygen consumed for most
combustible solids is about 13.0 kJ. These findings can be quite useful in characterizing
heat release when the availability of oxygen is restricted.

The discussion above assumes complete combustion of the fuel. This situation is
generally not the case. The combustion of vapors, liquids and solids in air usually results
in the evolution of some carbon monoxide (CO), soot (mostly carbon, C), and other
chemical species in addition to CO, and H,0. Visible smoke and the appearance of a
flame can both be attributed to incomplete combustion and, in particular, to the
generation of soot. Moreover, the appearance of a visible flame is due to thermal
radiation emitted by the incandescent soot particles. Well-ventilated flaming combustion
does not generate sufficient CO to be an immediate threat to occupants; however, the less
well ventilated a fire is, the larger the yield of CO and soot.

Vapors, liquids or solids can provide the fuel for a flame. However, since flaming
combustion is a gas phase phenomenon, liquids and solids must first be vaporized to
generate vapors for the flame. As the combustion of vapors is common to flames
associated with the burning of vapors, liquids and solids, the flaming combustion of
vapors should be discussed first.

Two scenarios exist in which the fuel for flames is in the form of a vapor. If the vapor
and the oxidant are intimately mixed ‘before combustion, the flame is referred to as a
premixed flame. Not all concentrations of vapor in air will ignite. A wvapor of a
specified material will ignite with air within upper and lower flammability limits (UFL
and LFL). Above the UFL the mixture is too rich in fuel to sustain combustion and
below the LFL too little fuel is present to maintain heat generation at a level high enough
to sustain the reaction. Because a vapor mixture cannot be ignited if it remains below
its LFL., a common fire prevention measure is to provide adequate mechanical ventilation
in areas where combustible vapors may be present. This measure ensures that the vapor
concentration never reaches the LFL. Tables of UFLs and LFLs are available in the
literature*.

The LFL of a vapor decreases with increasing temperature, and the UFL increases.
Therefore, as temperature increases, the range in which vapors are flammable also
increases. The LFL is generally insensitive to changes in pressure above atmospheric but
the UFL increases with pressure. The flammability range of a material is therefore
broadened as pressure increases above atmospheric.

A mixture within its flammability limits can be ignited by a small ignition source. This
process is referred to as piloted ignition. Following ignition, a deflagration ensues in
which chemical reactions (and hence a flame) propagate rapidly through the mixture. In
the absence of a localized ignition source (or pilot), a mixture within its flammability
limits will "self-ignite” if heated to temperatures above its auto-ignition temperature.

- Again a deflagration follows ignition.

As the deflagration propagates, the temperature of the flame and combustion products is
very high. If the mixture is confined, the pressure also rises rapidly. If no means of .
relieving pressure is available, the walls of the confining structure may explode.
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Liquid

The second type of flame associated with gas phase fuels is a diffusion flame. In a
diffusion flame, the gaseous material and the oxidant come from spatially separated
sources and must mix before combustion can occur. Chemical reaction occurs when the
mixture is between its flammability limits. For small flames, mixing takes place by
molecular diffusion; whereas for larger flames (diameter > 0.5 m), turbulent eddies
cause mixing. Because mixing must occur before combustion begins, the rate of heat
release is slower for diffusion flames than for premixed flames. The usually luminous
flame defines the region where the reaction occurs.

Fires involving liquids are different from those involving gases because vaporization of
the liquid must occur before fire can begin. The thermodynamic properties of the liquid
(e.g., equilibrium vapor pressure as a function of temperature) as well as the heat and
mass transfer characteristics of the situation determine the potential for combustion. A
liquid can only be ignited by a pilot if its vaporization rate is sufficient to ensure that the
vapor/air mixture at the liquid surface is within the flammability limits of the fuel.

Liquids are classified according to the lowest temperature at which an air and vapor
mixture will combust at its surface. This temperature is called the flash point of the
liquid (see Table III-2). At the flash point, flames flash across the liquid surface but
sustained flaming may not result. The fire point is a somewhat higher temperature at
which burning will be sustained once the vapors have been ignited (see Table III-2). The
difference between the flash point and the fire point relates to the complex manner in
which energy is generated in the reaction in the gaseous phase and transferred back to
the liquid surface, thereby vaporizing more potentially combustible material.

Table III-2
Flash and Fire Points of Selected Liquids

Liquid Flash Point (°C) Flash Point (°C) Fire Point (°C)
: (Closed Cup) (Open Cup)

Ethanol, C,H,OH 13 18 18

n-Decane, C,H,, 46 52 61.5

Fuel Qil - 133 164

Diesel Fuel, North America ' - 82-166 103-200

Flash point measurements are method sensitive. Values are reported for a closed cup method and for an open
cup method (where evaporated material has the potential to diffuse away from the evaporating surface). The
fire point is based on sustained burning following ignition in an open cup. Additional information can be found
in SFPE Handbook, Fire Protection Engineering’ or in Fire Dynamics by D. Drysdale, Table 6.4.

The flash point of a liquid is used to classify its flammability as indicated in Figure HI-2.
A liquid is classified as flammable if its flash point is low enough that it could be ignited
at temperatures it could experience on a day to day basis in a facility (that is, less than
100°F [38°C]). A liquid is classified as combustible when its flash point is greater than
or equal to 100°F (38°C). Additional considerations apply to mixtures of liquids. This
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Solid

classification is a convenient way to characterize the fire hazard of a liquid. Fire safety
measures regulating the storage of flammable liquids are very strict, but more leeway is
granted for the storage of combustible liquids if they will not be unduly heated.

s
200
N )
&= INA
£ 140 ,
& Combustible
- i
£ 100 :
IC Flammable
73 ¥
' IA B
100
Boiling Point (°F)

Figure I1I-2. Combustible Liquid Flammability Classification. Classification of a liquid
as flammable or combustible based on OSHA 1910.106" is shown in this
figure. Flammable liquids (IA, IB and IC) are defined as those with a
closed cup flash point of less than 100°F, whereas combustible liquids (11,
IIA and IIB) have a flash point at or above 100°F. Additionally, the
liquid boiling point is used to classify liquids with low flash points (IA and
IB). This classification system is used, for example, to determine the
allowable container type and volume for storage of liquids.

The mechanisms involved with burning of solids are more varied and more complex than
those for gas phase or liquid fuels. As with liquids, flaming combustion involves
conversion of the solid to a vapor which then becomes involved in the exothermic
reaction that is characteristic of the flame. In addition, some solids can undergo
smoldering in which the solid material is oxidized directly. Our focus is on flaming of
solids.

Combustible solids are generally polymeric (i.e. composed of macromolecules).
Macromolecules are too large to be vaporized directly, so as heat is transferred to a solid
surface from a flame, vapors can only be generated if chemical bonds within the
macromolecules are broken and smaller molecular species are generated. This process
of thermal decomposition (or pyrolysis) requires much more energy than simple
evaporation, which dominates vapor generation for liquids. As a consequence, the
surface temperature of a solid must usually be raised to a much higher level than a liquid
before significant amounts of vapor are released and ignition is achieved. The
temperature at the surface of burning solids is usually > 350°C,
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FLAMING
COMBUSTION

Some plastic materials, referred to as thermoplastics, melt at a temperature lower than
their ignition temperature. - Examples include polyethylene, polypropylene and
polystyrene. Other materials, referred to as thermosets, do not melt but decompose to
generate vapors and a carbonaceous char. Only thermosets are susceptible to smoldering;
examples include wood, wool and polyurethane. Whether a solid is thermoplastic or
thermosetting depends on its basic molecular structure.

For thermosets, char development on the solid surface may impede heat transfer from the
flame to the unburnt solid material and thereby reduce burning rates. The burning of
wood demonstrates the complexities involved with heat and mass transfer in a
combustible solid. As wood is heated to temperatures around 100°C, water vapor is
driven off. At higher temperatures (200-250°C) the wood begins to discolor as pyrolysis
begins. However, combustible vapors are not generated in sufficient quantity to cause
the wood to be ignited until wood reaches a temperature of 350-390°C. Although the
combustible vapors reach the diffusion flame where reaction generating heat takes place,
the carbonaceous char is left in place. As the wood continues to burn, the pyrolysis zone
recedes deeper into the solid and the char thickens. The char layer insulates the interior
of the wood and thereby impedes the generation of vapors. If not enough combustible
vapor is given off, the flame will cease allowing oxygen to contact the hot char, and
smoldering may begin. ‘

The types and amounts of polymeric materials used in industry, offices, and residences
have increased very rapidly. Many of these materials have unique combustion properties.
Although the combustion of all fuels generates toxic gases, some fuels produce more
toxic substances than others. A wide range also exists in the burning rates of polymeric
materials. An important characteristic of burning rates of liquids and solids is the ratio
of the heat of combustion of the material to the heat required to generate vapors. In
general this ratio is much higher for liquids and hence liquids burn more vigorously than
solids.

To reduce the potential and consequence (hence the risk) of solid fires, fire retardants are
used. Retardant action can range from chemically altering polymeric materials, to
impregnating materials with fire retardant chemicals or to coating the surface of solids
with materials that may interfere with flame spread or pyrolysis. Fire retardant coatings
include paints that expand to form insulating coatings when exposed to fires, impervious
noncombustible materials such as ceramics, coatings that release noncombustible gases
at elevated temperatures and thereby reduce the oxidant concentration surrounding the
solid environment, and cement-like or fibrous coatings that improve the fire-resistance
properties of the composite-solid material.

Sustained flaming combustion is a complex, interrelated heat and mass transfer
phenomenon that depends on heat produced through chemical reaction. Figure III-3
depicts a typical flame associated with the burning of a liquid or solid surface. Fuel
vapors generated at the surface are swept into the flame because of buoyant forces.
These buoyant forces also give rise to turbulent eddies that draw fresh air into the flame.
The fuel vapors and oxygen from air mix and undergo chemical reactions. A great deal
of heat is released making the flame hot and buoyant. Products of combustion are
carried upward in the plume rising above the flame. At the same time, some of the heat
released by chemical reactions is transferred back to the liquid or solid surface causing
more fuel vapors to be liberated and the cycle continues.
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Air Entroinment

Figure I1I-3. Heat and Mass Transfer Associated with a Bumning Surface.

Copyright by John Wiley and Sons Ltd. Reprinted with permission from D. Drysdale, "An Introduction to Fire
Dynamics”, J. Wiley and Sons, Chichester, (1985).

Flames, such as those depicted in Figure III-3, are referred to as turbulent diffusion
flames and are associated with liquid or solid fires of diameter greater than 0.3 m. For
smaller diameter fires, the flames are not turbulent but steady (laminar) and the mixing
of vapors and oxygen takes place primarily by molecular diffusion.

In Figure I11-3, Q represents the rate at which heat is supplied by the flame to a unit area
of the surface and & is the rate at which heat is lost by a unit area of the surface. The
difference between these heat transfer rates is the net heat flux absorbed by the surface.
The absorption of this heat results in the evaporation of a liquid (or gasification of a
solid) and thereby generates fuel vapors for the flame. If Ly is the latent heat of
vaporization for a liquid (or the heat of gasification for a solid), the rate at which vapors
are liberated per unit area of the surface, m is:

=(Q- &)Ly
Therefore, the rate at which vapors are generated (i.e. the rate of burning) depends on

the rate of heat transfer from the flame. This rate of heat transfer depends critically on
the rate at which heat is released in the flame which, in turn, depends on the heat of |
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combustion of the fuel. For well-ventilated fires the rate of burning is particularly rapid
for materials for which the heat of combustion is much larger than the heat required to
generate gases.

Flame chemistry, flame temperature and heat release rates depend on the amount of
oxidant available for the chemical reaction. Poorly ventilated (air starved) flames tend
toward incomplete combustion with both reduced temperatures and heat release rates.

'In most fires, oxygen is the oxidizing agent, and it is usually derived from air.

However, halogenated compounds, peroxides, acids, and nitrites (among others) can also
serve as oxidizers in an exothermic reaction with a fuel. Explosives and highly reactive
fuels owe their intense reactivity to the presence of molecular components with oxidizing
capacity within their makeup. The following discussion is restricted to consideration of
air as the oxidizer in combustion processes.

As has been mentioned, in diffusion flames, oxygen and fuel are supplied to the
combustion zone, usually from different directions. Buoyancy (based on temperature
gradients) and physical aspects of the fire scenario play important roles in determining
how oxygen reaches the combustion zone. Flames are not usually stationary, but rather
the reaction zone moves about in a complex manner depending on the availability of both
fuel and oxygen. Flames usually behave in a turbulent manner. A large amount of
oxygen can be entrained into the combustion zone as shown in Figure ITI-3. The size of
the surface from which fuel is being generated for combustion also plays a role in oxygen
delivery to the reaction interface. If the surface is small, the flames tend to be elongated
and oxygen is supplied to the flame by molecular diffusion through the large flame front
area. At the other exireme, if the surface is large, then the flame will be relatively short
with a relatively smaller flame front area through which oxygen is supplied by turbulent
mixing.

The inability to deliver oxygen to flames emanating from a surface limits the burning rate
of that surface. This situation can be of practical significance in the case of a fire in an
enclosure (i.e. room) that is initially limited by the availability of oxygen through vents
or other openings. If an enclosure fire that is limited by oxygen delivery to the reaction
zone receives sufficient oxygen (for example after windows break) the combustion
reaction will increase dramatically leading to events that increase the severity of the fire.
The dynamics of such fires will be discussed in greater detail in Unit IV.

The common ways fuels are ignited into fires are through piloted ignition, spontaneous
ignition (auto-ignition) or through self heating of the fuel. The first source of ignition
is the most common and can result from flames or sparks. Auto-ignition can result if
materials are externally heated to the auto-ignition temperature causing the material to
burn spontaneously. The last means of ignition discussed is the least likely to occur and
relates to internal heating of the fuel through scenarios such as biological reactivity or

drying.

Ignition of a gas can only occur when the vapor mixture is within the upper and lower
flammability limits (UFL and LFL). Additionally, a minimum ignition energy is required
for combustion to bé initiated. For example, simple hydrocarbons require approximately
0.25 mJ to ignite stoichiometric mixtures at 1 atmosphere-and 25°C. A typical electrical
spark has about 25 mJ of discharge energy and the static electrical energy generated in
a spark from walking across a rug is approximately 20 mI®.
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Because a vapor mixture above its LFL can be ignited easily by electrical sparks, a sound
fire prevention measure is to require only well designed electrical equipment with proper
grounding for use in areas where combustible vapors may collect.

As has been mentioned earlier, the initiation of flaming combustion of a liquid or a solid
fuel is slightly more complex. A flammable vapor/air mixture must first be generated
at the fuel surface by either evaporation (liquid) or gasification (solid). Once the mixture
reaches the LFL an ignition source can initiate flaming combustion as discussed earlier.
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SAMPLE QUIZ QUESTIONS
Hexane [CH,], benzene [CH,], ethanol [C,H;OH}, and acetone
[(CH,),CO] are liquids at room temperature and atmospheric pressure.
Write the chemical equations describing the complete combustion of each
of these liquids.
Use the chemical equations derived in (a) and the molecular weights of the
reactants to determine the mass of oxygen consumed in the complete
combustion of 1 gram of each of these four liquids.
The net heat combustion of CH,, is 45.10 kI/g; of CH, is 40.00 kl/g; of
C,H,OH is 26.78 kl/g; and of (CH,),CO is 30.79 kJ/g. Calculate the net
heat of combustion per gram of Q, when each of these liquids undergoes
complete combustion.
When acetone [(CH,),CO] burns in a pool conﬁguratlon in the open, for
every gram of acetone consumed, 2.14 g of CO,; 0.003 g of CO and 0.014
g of soot (C) are formed. Clearly in this configuration acetone does not
undergo complete combustion. On the other hand, when atomized in a fine
spray in an oxygen enriched environment, acetone can be made to undergo
almost perfect combustion. Calculate the mass of carbon dioxide (CO,),
carbon monoxide (CO) and soot (C) generated in the complete combustion
of 1 gram of acetone.
The lower flammability limit (LFL) for alkanes (simple carbon and
hydrogen molecules) is approximately 48 g/m*. Assume air has density of
1.2 kg/m® and a molecular weight of 28.95 g/mole. Convert the LFL given
above as mass concentration into the LFL (by % volume) for methane
(CH,), n-hexane (C,;H,,) and n-decane (C,jH,,), and compare the results to
tabulated values.
Consider a flame in which methane (CH,) reacts with just a sufficient
quantity of air to react the fuel completely. Assume the methane and air
are initially at 25°C.
Determine the amount of energy liberated by the complete reactlon of one
mole of methane with oxygen at 25°C. This information can be found in
chemistry, thermodynamics or engineering texts, or reference books.
Determine the energy involved in vaporization of water produced in the
reaction.
Calculate the adiabatic flame temperature. Assume no heat is lost to the
surroundings (i.e. adiabatic conditions). Assume air is 21% oxygen and
79% nitrogen. Assume the products of combustion and the nitrogen are
raised to the same final flame temperature.
Suppose acetone and n-heptane are stored in bottles in separate storage
cabinets maintained at 23°C. The lids of the bottles are not secured so that
each liquid evaporates until its equilibrium vapor pressure is achieved
within the cabinet. Assume the cabinet pressure is slowly relieved so it
remains at its atmospheric value. (Equilibrium vapor pressures for many
liquids can be found in tables, charts or they can be calculated using
empirical relationships such as Antione’s equation.)
Do flammable conditions exist within each cabinet?
What other considerations must be taken into account with regard to
flammability if the doors to these cabinets are opened?
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Unit IV
DYNAMICS OF FIRE

PURPOSE: To familiarize the reader with the determinants of the growth and severity of fire.

OBJECTIVES: To acquaint the reader with:

‘ . The role of heat transfer in enclosure fires

. The role of reduced air supply in enclosure fires
. The stages of fire growth within enclosures

. Measures of fire severity

. The threat to life and property

W AW

SPECIAL TERMS: . Radiant heat transfer

. Convective heat transfer
. Conductive heat transfer
. Entrainment of air

. Products of combustion
. Fire growth rates

. Flame spread

. Flashover

. Smoke production

. Smoke toxicity
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INTRODUCTION

HEAT TRANSFER
IN FIRES

Conductive heat
transfer

Convective heat
transfer

In Unit III, fundamental scientific and engineering principles were presented to impart
an understanding of the basic characteristics of fire. The impact that an enclosure or
room may have on the course of a fire was not addressed. In this Unit, the relationship
between fire growth and the enclosure within which the fire burns is highlighted. '

In fire environments, heat is transferred from regions at high temperature to regions at
lower temperature by the three traditional modes: conduction, convection and radiation.
To understand the dynamics of fire growth within an enclosure, the roles played by each
of these modes in fire-related phenomena must be studied.

Heat transfer by conduction refers to the transfer of heat between solid materials in direct
contact with each other and to the transfer of heat within solid materials'. (Although heat
conduction also occurs in liquids and gases, its effect is generally masked by convection
in fires.) Conductive heat transfer is governed by the thermal conductivity of a material
and the presence of temperature gradients. For most building elements (excluding steel
and aluminum) heat conduction is a slow process. It can take 20 minutes for the effects
of heating on one side of a 50 mm slab of concrete to become noticeable on the other
side.

Solids with low thermal conductivity are considered thermal insulators. For a limited
time, they can be useful for protecting materials that are adversely affected by direct fire
contact. On the other hand, as a consequence of being poor conductors, their surface
temperature rises very quickly when exposed to fire. Hence good thermal insulators that
are combustible are often easy to ignite.

Conductive heat transfer plays a major role in the igpition and spread of a flame over
combustible solids. Conduction is also responsible for the transmission of heat through
building elements, such as floors and walls. Floors and walls that inhibit the transmission
of heat for some time impede the spread of fire to other rooms, and are hence referred
to as fire resistant. ‘

Convection involves the transfer of heat as a result of the movement of a gas (or liquid).
In fire scenarios, the portion of the heat released within flames that is carried away by
the hot products of combustion is referred to as convected heat. Because of buoyant
forces, convection of hot gases usually occurs upward. Convection is the process
whereby fire gases are transported throughout a building and therefore pose risks to
occupants far from a fire.

The term "convective heat transfer” is used in fire safety engineering to denote heat
transfer between a fluid and a solid surface that are at different temperatures?. When a
flame impinges on a solid, heat is transferred by convection from the hot flame to the
cooler solid. On the other hand, if a hot solid is in contact with cool air, heat is
transferred from the solid to the air. In a fire scenario a solid may be heated or cooled
by convective heat transfer.

.In fire safety engineering analyses, it is comnionly assumed that human survival would

be impossible in a space within a building if the temperature of the air (or smoke) in it
exceeds 120°C. Under such circumstances, convective heat transfer from the hot gas
would cause serious burns to the skin and respiratory systems of humans.

V-2



Radiative heat
transfer

Hot objects emit thermal radiation in the form of electromagnetic waves, which can travel
across space or through materials®. A significant fraction of the thermal radiation emitted
by flames lies in the infrared region. In Table IV-1, the emissive power of a hot object
or smoky gas is listed as a function of its temperature. Emissive power is the rate at
which radiant energy is emitted per unit surface area of the object. The emissive power
of an object climbs dramatically as it is heated. For hot gases in contact with a solid
object, radiative heat transfer is much greater than convective heat transfer when the gas
temperature exceeds 200-300°C.

Table IV-1
Emissive Power of Hot Objects or Smoke

Temperature (°C) Emissive Power (kW m™®)
20 04
200 2.6
400 10.5
600 29.6
800 67.6
1000 134.0

In small fires, hot products of combustion transport most of the heat released away from
the combustion zone by convection. In larger fires (fuel diameter > 0.3 m),
approximately 30% of the heat released is radiated away by soot particles in the flame.
A hot upper layer in a room can emit sufficient radiant energy to cause combustible items
on the floor that are not in direct contact with the flames or hot layer to be heated and
possibly even ignited. In fact, thermal radiation emitted by flames issuing from the
windows of a burning building have caused ignition of combustible elements of
neighboring buildings.

Although a flame has significant emissive power, as one moves further from the flame
the radiant heat impinging on objects decreases. Models are available to calculate the
radiation received by an object remote from a source of known emissive power. Table
IV-2 provides a rough guide to the effects of radiant energy impinging on various
objects®.”

Table IV-2
The Effect of Radiant Energy Impinging on Various Objects

Radiation Level (kW m?) ’ Effect on Objects
1.0 Minimal injury for prolonged skin exposure
6.4 Pain after 8 second skin exposure
10.4 ) Pain after 3 second skin exposure
12.5 Wood can be ignited by a pilot after 15 minute exposure
30.0 Most combustibles can be ignited by a pilot after 2 minute exposure
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ROOM FIRE

DYNAMICS

Fire dynamics refers to the interactions among the complex phenomena associated with
a building fire*. To understand the fire performance of materials and structures, it is first
necessary to know something about fire dynamics and, hence, the conditions to which
materials and structures may be exposed in building fires.

Immediately following ignition, an object burning in a room behaves as if it were burning
in the open as described in Unit III. After a short period of time, however, confinement
begins to influence fire development. The smoke produced by the burning object rises
to form a hot gas layer below the ceiling as depicted in Figure IV-1. This layer heats
the ceiling and upper walls. Thermal radiation from the hot layer, ceiling and upper
walls then heats all objects in the lower part of the room and may augment both the rate
of burning of the original object and the rate of flame spread over its surface.
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Figure IV-1. During the early stages of a fire, radiant energy, emitted by the hot smoky
layer in a room, heats objects throughout the room.

Copyright by National Research Council Canada. Reprinted with permission from reference 5 by the U.S.
Department of Health and Human Services. Further reproduction is prohibited without permission of the
copyright holder. :

At this point, the fire may go out if, for example, the first object burns completely before
other combustibles. ignite or if sufficient oxygen cannot get into the room to sustain
combustion. Often, however, the fire gets sufficient oxygen through an open door or
broken window, and the heating of the other combustibles in the room continues to the

point at which they reach their ignition temperatures. Flames then suddenly sweep across

the room, involving most combustibles in the fire. This transition from the burning of
one or two objects in the room to full room involvement is referred to as flashover.

Following flashover, the fire burns vigorously for some time until the combustibles are
mostly consumed. Flaming eventually ceases, leaving a mass of glowing embers.
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PREFLASHOVER
FIRES

This description of fire growth applies even if the walls and ceiling are noncombustible.
In a different scenario, the preflashover stage may entail ignition of a wall or ceiling.
For example, a fire may start in a wastepaper basket in a corner of a room lined with
combustible wall covering. If the wall is sufficiently flammable, it will catch fire and
flames may spread above the wastepaper basket along the corner. If flames reach the
ceiling and spread along the upper wall, thermal radiation levels at the floor will likely
be sufficient for flashover to occur.

The temperature of the upper gas layer in-a room indicates the progression of a room
fire; flashover occurs when the temperature of the upper layer reaches 500 to 600°C.
Figure IV-2 illustrates the three stages of a room fire. The preflashover stage may last
from 5 to 20 minutes, the postflashover stage may last 20 to 40 minutes and the decay
stage for more than an hour. (The dashed curve represents fires in which either the first
item burns out or the fire becomes starved for oxygen before flashover occurs.) In
unsprinklered residential buildings approximately 22% of fires proceed to flashover.>

DECAY
PERIOD

DEVELOPED
FIRE

GROWTH
PERIOD

Temperature

Time

Figure IV-2. The course of a room fire is often monitored based on the upper gas layer
temperature in the room. :

Copyright by John Wiley and Sons Ltd. Reprinted with permission from D. Drysdale, "An Introduction to Fire
Dynamics”, J. Wiley and Sons, Chichester, (1985).

Following ignition and during the early stages of fire growth, occupants have an
opportunity to take action. They may sound the alarm, evacuate the area or begin
suppressing the fire. This opportunity may not last long as conditions within the room
deteriorate rapidly. Occupants unable to leave the room of fire origin will perish before
flashover occurs, usually as a result of severe thermal exposure.
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POSTFLASHOVER
FIRES

Temperatures and heat fluxes that are sufficient to ignite combustible solids are too
extreme for humans to endure. Consequently, slowing down fire growth or preventing
flashover altogether become important fire safety considerations.

In recent years, a great deal of effort has been expended in developing mathematical
models to predict the rate of fire growth in rooms and to assess whether (and when)
flashover occurs.® Such models can also be used to predict the time available to escape
before untenable conditions develop. These models offer a cost-effective method for
analyzing the impact of material selection or building design on fire safety. A review of
such models and a discussion of their strengths, limitations, and availability has been
published recently.”

Fire models have been used to corroborate and to identify the following factors as
significant contributors to preflashover fire growth:

1. The flammability of room contents. The rate at which products release heat as
they burn influences the rate of temperature increase of the hot upper layer and
hence the time needed for untenable conditions and flashover to develop.

2. The distribution of combustibles within the room. If combustible contents are
placed close to one another, fire may spread easily from object to object with a
resultant increase in heat release rate until the upper layer temperature becomes
hot enough that flashover occurs.

3. The flammability of room linings. The rate at which flames spread across the
room linings impacts heat build-up in the room,

4. The thermal properties (thermal conductivity and specific heat) of room linings.
A room lining that is a very good thermal insulator causes heat loss from the
upper layer to be low and the layer’s temperature to climb dramatically, resulting
in earlier flashover.

5. The supply of air. In the absence of an open door or window a fire may be
smothered in its early stage. Often during a room fire, temperature development
is sufficient to break windows and thereby to provide a fresh supply of air.

6. The size and shape of the room. For very large rooms, flashover is an unlikely
event as the large surface area of the walls and ceiling extract heat from the upper
layer very efficiently. Nonetheless, untenable conditions or reduced visibility may
still be experienced early in a fire in a large room.

A number of fire-safety strategies are commonly used to slow down fire growth or to
prevent flashover in a room. Examples include the provision of automatic sprinklers,
restrictions on the flammability of upholstered furniture, requirements for self-closing
doors, and restrictions on the flammability of room lining materials. A complementary
strategy is to provide for efficient occupant response by providing early fire detection
devices and alarms, and by providing adequate means of egress. Provisions for such
strategies are most commonly found in building codes.

Following flashover, a fire generates a great deal of heat and smoke. These can migrate

 through the building to threaten the lives of occupants far from the room of fire origin.

Statistics indicate that, in the United States, most fatalities in fires occur away from the
room of fire origin and are the result of smoke inhalation *

Postflashover fires also pose a threat to compartment boundaries and to structural

* elements. Should either of these fail, fire can spread quickly throughout a building.

Consequently, inhibiting fire spread through compartment boundaries and preventing
structural collapse in fire are important fire safety considerations.
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' SMOKE
PRODUCTION

The severity of a postflashover fire can be quantified in terms of the temperature history
of the compartment gases or in terms of the rate at which toxic products of combustion
are generated. Much research has been conducted to develop mathematical models to
predict the severity of postflashover fires.5® These models offer a cost-effective method
for analyzing both the performance of structural elements in the building and the
adequacy of protection provided for escape routes.

Fire models have identified the following factors as contributing most significantly to
postflashover fire severity:

1. The flammability of room contents and interior finish. The rate at which room
contents or interior finish release heat as they burn influences the rate at which the
hot gas temperature rises in the room.

2. The quantity of combustibles. In the absence of suppression activities, the
quantity of combustibles in the room and the rate of fuel consumption determine
the duration of the postflashover stage of the fire. The longer the fire lasts, the
more severe is the attack on structural elements in the room.

3. The thermal properties (thermal conductivity and specific heat) of room linings.
Lining a room with a good thermal insulator causes heat loss from the hot gases
to be low. A room lined with a good insulator experiences a hotter fire than a
room lined with a poor insulator. Consequently, a structural element (such as a
column) in the center of the room lined with a good insulator experiences a more
severe fire than a column in the center of a room lined with a poor insulator.

4. The supply of air (size of openings). Following flashover, windows and doors
that are not fire-rated break or collapse. 'If the openings are small, the rate of
reaction (and hence rate of heat release) is governed by the rate that air is supplied
and the fire is referred to as ventilation-controlled.

5. The size and shape of the room. In very large rooms, the surface area of the
walls and ceiling are large so a great deal of heat can be extracted from the fire
gases. Therefore, in principle, such fires are not among the hottest. Nonetheless,
because of the sheer volume of flame, they can be difficult to extinguish.
Fortunately, fiashover is rare in large rooms.

Several fire safety strategies are commonly used to reduce the impact of postflashover
fires. Examples include the provision of the following: automatic sprinklers; highly fire-
resistant room boundaries and structural elements; wired glass; and smoke-control
strategies to deal with the large quantities of smoke generated during a fire. Such
provisions are most commonly found in building codes. A complementary, though less
common strategy is to reduce the quantity of combustibles in rooms.

Smoke is defined as the airborne solid and liquid particulates, and fire gases produced
when a material undergoes pyrolysis or combustion. The molecular structure of the fuel
influences the yield of components such as carbon dioxide, carbon monoxide and soot
(carbon) in smoke. For example, for every gram of ethanol consumed in a well-
ventilated fire 1.77 grams of CO,, 0.001 grams of CO, and 0.008 grams of soot (carbon)
are generated. On the other hand, for every gram of polystyrene consumed in a well-
ventilated fire 2.33 grams of CO,, 0.060 grams of CO, and 0.164 grams of soot (carbon)
are generated.’

Smoke may obscure visibility and thereby impede evacuation of a building. It also
represents a toxic hazard to building occupants. (Toxicity is discussed below.)
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Smoke toxicity

Toxic fire gases

During much of the preflashover stage of a fire, the flames are well-ventilated and
toxicity is generally not a severe problem. Reduced visibility and burns are, however,
serious concerns. Statistics suggest that fatatities associated with preflashover fires are
typically in the room of fire origin and result from burns.®

Postflashover fires are poorly ventilated. The rates of CO and soot generation can be
very high and these products are often transported throughout a building. This may lead
to seriously reduced visibility and the possibility of inhalation of toxic products of
combustion. Statistics suggest that fatalities associated with postflashover fires typlca]ly
occur outside the room of fire origin and result from smoke inhalation.?

A wide variety of fire gases are present in smoke with the toxicants usually classified as
chemical asphyxiants or irritants.!

Chemical asphyxiants depress the central nervous system, causing loss of consciousness

- and ultimately death. Effects of asphyxiants depend on exposure concentration and

duration. Asphyxiants of most concern in fire are carbon monoxide (CO) and hydrogen
cyanide (HCN).

Irritant effects are produced by essentially all fire atmospheres and are of two major
types: (1) sensory (eyes and upper respiratory tract) and (2) pulmonary (lungs). Sensory
effects, which may impede evacuation, are primarily related to the concentration of the
irritant and normally do not increase in severity with time. Pulmonary irritants may
cause lung edema and ultimately death, and are determined by species concentration and
exposure duration.

-Extensive investigations of human fire fatalities with respect to exposure to toxic

atmospheres have shown CO to be the primary toxicant. Although CO is not the most

toxic gas at low concentrations, it is always one of the most abundant toxic gases
- produced by fires. Recent research has suggested that, for postflashover fires, the yield

of CO may depend not so much on the chemical nature of the fuel as on the oxygen
available for combustion and the thermal conditions in the flames. Postflashover fires
are poorly ventilated and as a general rule, for every gram of fuel consumed as much as
0.20 grams of CO are generated.”? This is a very high yield.

HCN is produced from the burning of materials containing nitrogen; for example, wool
and polyurethane. HCN is about 20 times as toxic as CO but is gencrally produced in
much smaller quantities. Documented cases in which HCN alone is the primary toxicant
are rare.

Fire usually produces carbon dioxide, CO,, in large quantities in fires. Although it is not
particularly toxic, it displaces O, and thereby causes the rate and depth of breathing to
increase. This often causes an accelerated inhalation of othestoxicants and irritants.

Oxygen, O,, is consumed during a fire. When it drops from its usual level of 21% in
air to 17%, motor coordination is impaired. When it drops into the 10%-14% range, a
person may exercise faulty judgement and be fatigued quickly. When it drops into the
6%-10% range, a person loses consciousness and must be revived with fresh air or O,
within a few minutes to prevent death.

Acrolein is a potent irritant, both in terms of sensory and pulmonary functions. It is
formed during the smoldering of cellulosics and the pyrolysis of some plastics.
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Toxic potency

Hydrogen chloride (HCI), formed from the combustion of chlorine-containing materials
such as polyvinyl chloride (PVC), is a potent sensory irritant and a strong pulmonary
irritant.

Smoke contains several toxicants. The lethal toxic potency of smoke produced by a
burning material is expressed in terms of its LCg,. The LC,, is the concentration that
causes the death of 50% of test rodents within a specified exposure (usually 30 minutes)
and post-exposure time (usually 14 days).

Several small-scale tests have been devised to determine toxic potencies. No single test
is appropriate for all materials under all fire exposures. Unfortunately, small-scale tests
often generate less CO per unit mass of material consumed than that found in real fires.
Thus the LC,, must often be adjusted for use in hazard calculations. Much research is
still required before a validated method is available to predict the toxic hazard in real-
world fires on the basis of toxic potencies determined in small-scale tests.
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SAMPLE QUIZ QUESTIONS

Suppose a gasoline spill, that has been contained within a circular dyke of

diameter 2.0 m, is accidentally set on fire. The rate at which heat is

released within the flames is about 6,800 kW. The height of the flames is
about 6.0 m. For gasoline fires, roughly 30% of the total heat released is
radiated away from the flames.

a) Calculate the radiant heat flux (kW m?) arriving at a point 6.0 m from the
center of the flame. Assume by the time you are 6.0 m away from the
flame that the flame can be pictured as a point source of radiation and that
radiation is emitted uniformly in all directions.

b) Using data presented in Table IV-2, determine whether wood stored 6.0 m
from the flame center will be ignited if the fire is allowed to burn for 15
min or more.

. Glass typically begins cracking and breaking when exposed to fire gases at
temperature 300°C. Pure aluminium melts at 660°C.

a) Would you expect the glass in windows to break before or after a room fire
experiences flashover?

b) Would you expect the aluminium window frames to melt before or after a
room fire experiences flashover?
Consider a short massive wooden column of cross section 300 mm by 300
mm. When exposed in a post-flashover fire, wood typically chars at a rate
of about 0.6 mm/min. Assume that before the fire, the column was loaded
to 1/3 of its ultimate (compressive) strength. As the fire proceeds, the
cross-sectional area of the column is reduced so that its compressive
strength is also reduced. At what point in the fire will the cross-sectional
area of the column have been reduced to 1/3 of its original area so that the
column will fail?

A computer monitor containing 1 kg of polypropylene (PP) burns in an

airtight room with dimensions 10 m x 10 m x 3 m. Assume the smoke and

air are mechanically mixed by a fan. Under these conditions, ample air is
in the room to completely burn the PP, and for every gram of PP
consumed, 0.024 grams of CO are generated.

a) Estimate the volumetric fraction of CO in the room. Assume the molecular
weight of a typical air molecule is 28.95. Assume that before the fire, the
air was at temperature 20°C and had density 1.2 kg m?.

b) Calculate the maximum time occupants can remain in the room without
becoming incapacitated. The time is given by t = 35,000 / V, where t is
time in minutes and V¢, is volumetric fraction of CO in ppm (parts per
million).
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Unit V
PRINCIPLES OF FIRE PROTECTION

PURPOSE: To describe the practice of fire protection including the role of codes and standards.

OBJECTIVES: To acquaint the reader with:
1. The scope of fire protection issues
2. Integrated fire safety design

SPECIAL TERMS: . Fire Safety Concepts Tree (NFPA 550)
. Fire safety objectives

. Fire prevention codes

. Building codes

. Compartmentation

. Structural protection

. Fire detection

. Fire suppression

. Escape routes
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INTRODUCTION

FIRE SAFETY
CONCEPTS TREE

Fire safety objectives

As mentioned in Unit I, two basic types of codes address fire safety: building codes and
fire prevention codes. Building codes provide a set of fire safety provisions intended to
ensure that an acceptable level of life safety is incorporated into buildings at the time of
their construction. Fire prevention codes spell out a set of provisions intended to ensure
that, following construction, buildings are equipped, operated and maintained to provide
an acceptable level of life safety and property protection from potential hazards created
by fires or explosions. Both building codes and fire prevention codes make reference to
numerous other fire safety codes and standards.

Regulations entail a "hierarchy” of codes and standards. The provision of fire safety can
be viewed as an effort to comply with regulations. Strict adherence to regulations
without an understanding of relationships among fire safety measures and their roles in
meeting fire safety objectives can yield a fragmented approach to design. A facility in
which the escape routes, structural components, alarm system, sprinkler system, smoke-
control system, etc. have been designed independently of one another may comply with
regulations, but this arrangement is unlikely to be operationally or economically efficient.

In this Unit, an integrated method for delivering fire safety is presented based on NFPA’s
Fire Safety Concepts Tree (FSCT).! The FSCT provides a conceptual framework by
which the various fire safety requirements found in regulations work together to achieve
fire safety objectives. Application of the framework can identify options, gaps and
redundancies in fire protection strategies. A discussion of how the FSCT is structured
is presented below, followed by practical examples of its use.

As mentioned in Unit I1, when undertaking a fire safety analysis of a facility it must be
clear whether the objective of the analysis is to ensure life safety, property protection,
minimal disruption to business or some combination of these. The uppermost level of
the FSCT depicted in Figure V-1 acknowledges that the ultimate purpose of the exercise
is not just to comply with regulations, but to meet specific fire safety objectives.

Fire safety
objective(s)

N

[ — 1

Prevent Manage
fire fire
ignition impact

Figure V-1. The Fire Safety Concepts Tree identifies two ways to achieve fire safety
objectives: PREVENT FIRE IGNITION or MANAGE FIRE IMPACT.

Reprinted with permission from NFPA 550, Fire Safety Concepts Tree, Copyright ® 1995, National Fire
Protection Association, Quincy, MA 02269. This reprinted material is not the complete and official position

- of the National Fire Protection Association, on the referenced subject which is represented only by the standard

in its entirety.



Prevent fire ignition

Two strategies are identified in Figure V-1 for achieving fire safety objectives:
PREVENT FIRE IGNITION or MANAGE FIRE IMPACT. These strategies are
connected to the fire safety objectives by an "or gate” (a plus sign within a circle). Fire
safety objectives can be met by preventing ignition or by managing the impact of fire.
To provide an extra measure of security, both strategies are commonly used.

The PREVENT FIRE IGNITION branch of the tree (see Figure V-2) includes measures
that are most typically found in fire prevention codes such as NFPA 1%, In general, the
branch puts forward provisions related to how facilities are equipped, operated and
maintained following construction.

Provent
e
ignition
— @ 1
Control Contioi Controt
auw(:; intoractions fuel
I 1 1 -l 1 [ 4
—— Control Control Cortrol Comrol c Control
""‘""f' W_d " source transfer fuel fuek(s} o el
. sourcels) reioase transport processes traneport by
L [ T | . 1 I H
separation bmhr‘ barrer Separation propanies | snvironment

Figure V-2. PREVENT FIRE IGNITION Branch of the Fire Safety Concepts Tree.

Reprinted with permission from NFPA 550, Fire Safety Concepts Tree, Copyright ® 1995, National Fire
Protection Association, Quincy, MA 02269, This reprinted material is not the complete and official position
of the National Fire Protection Association, on the referenced subject which is represented only by the standard

in its entirety.

Suppose that a commercial laboratory proposes to use small quantities of an organic
solvent during chemical analysis tests. The laboratory would like to take appropriate
steps to ensure that the organic solvent is unlikely to be ignited so its use would not pose
an undue risk to laboratory techmicians. Figure V-2 presents three strategies to
PREVENT FIRE IGNITION.

1). CONTROL FUEL by the following methods:

a. ELIMINATE FUEL by selecting a nonorganic solvent such as water if such a
choice is compatible with the chemical analysis

b. CONTROL FUEL IGNITABILITY

i. CONTROL FUEL PROPERTIES by choosing the least flammable
organic solvent compatible with the chemical analysis. For example,
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Manage fire impact

suppose three organic solvents are acceptable for the application: acetone
(C;H,0), benzene (CH,) or monoclorobenzene (C;H,Cl). Acetone has a
flash point of -18°C and a boiling point of 56°C, so according to Figure
III-2 it is a Class IB flammable liquid. Benzene has a flash point of -11°C
and a boiling point of 80°C so it is only moderately better than acetone
with respect to its ignitability. Monoclorobenzene which has a flash point
of 32°C and a boiling point of 132°C is a Class IC flammable liquid and
hence it is the least hazardous of the three.

ii. CONTROL THE ENVIRONMENT by carrying out the whole
procedure in a fume hood or in a compartmented area. Fans could remove
the solvent vapors rapidly enough so that the vapor/air mixture always
remains below its lower flammability limit.

2). CONTROL HEAT-ENERGY SOURCES by the following methods:

a. ELIMINATE HEAT-ENERGY SOURCES from the area in which the tests are
conducted. For example, if the most likely ignition source is sparks generated by
electrical equipment, such equipment could be prohibited near the test area.

b. CONTROL RATE OF HEAT RELEASE (or the intensity of electrical sparks)
by choosing properly grounded electrical equipment that has been approved for
areas where combustible vapor/air mixtures may be found.

3). CONTROL SOURCE-FUEL INTERACTIONS by the following methods:

a. CONTROL HEAT-ENERGY SOURCE TRANSPORT
b. CONTROL HEAT-ENERGY TRANSFER PROCESSES
c. CONTROL FUEL TRANSPORT

These strategies are connected through an "and gate” (a dot within a circle). Thus
the decision tree implies that all three strategies must be applied simultaneousty
to control source-fuel interactions. Methods to ensure that these three strategies
are achieved are identified in lower levels of the tree (Figure V-2).

At the lowest level of the tree, it is indicated that it may be possible to PROVIDE
SEPARATION between the fuel and ignition sources by ensuring that the solvent
is stored in a cabinet that is isolated from all potential ignition sources.

This example demonstrates how the FSCT can be used to generate several options for
minimizing the fire risk posed by the use of an organic solvent in a commercial
laboratory setting. Many of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>